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ࢫࣛࢫࢺࢫࢱࣥࢻࡢ⡆᫆㍑ṇἲ
A Simple Calibration Procedure for Thrust Stand Measurement
 
୰㔝 ṇ຾ 1),  ྛົ ⪽ 2) 
 
Masakatsu Nakano1) and Akira Kakami2)
 
Abstract: A simple calibration procedure for the impulse measurement using a thrust stand is presented. In this procedure, the oscilla-
tion periods with and without the additional weight of known inertia of momentum are measured to determine the inertia of momen-
tum of the thrust stand arm. Once the inertia of momentum is obtained, the impulse applied to the thrust stand can be calculated from 
the displacement of the thrust stand arm. A comparison of this simple calibration procedure to the one using a force transducer was
conducted. The simple procedure provides fair results and reduces time-consuming calibration processes.
Keywords : Simple calibration procedure, Impulse measurement, Thrust stand
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ࣃࣝࢫᆺࣉࣛࢬ࣐ࢫࣛࢫࢱࡸ BKNO3ࢆ⏝࠸ࡓᅛయ᥎㐍
ჾ࡞࡝ࡢࣃࣝࢫⓗ࡟సືࡍࡿࢫࣛࢫࢱࡢ࢖ࣥࣃࣝࢫ㸦ຊ✚㸧
ィ ࡟ࡣ᣺ࡾᏊᘧࡢࢫࣛࢫࢺࢫࢱࣥࢻࢆ⏝࠸ࡿࡇ࡜ࡀከ࠸
ࡀ 1,2)㸪ࢫࣛࢫࢱࡢྲྀࡾ௜ࡅ఩⨨ࡸసື࡟ᚲせ࡞ࢣ࣮ࣈࣝ㢮
ࡸࢭࣥࢧ࣮➼࡟ࡼࡾ㸪 ᐃࡈ࡜࡟ࢫࣛࢫࢺࢫࢱࣥࢻࡢ࢔࣮
࣒ࡢ័ᛶ࣮࣓ࣔࣥࢺ࡞࡝ࡢ≉ᛶࡀኚࢃࡿ㸬ࡑࡢࡓࡵ㧗⢭ᗘ
࡞ ᐃࡢࡓࡵ࡟ࡣ㸪 ᐃࡈ࡜ࡢ㍑ṇసᴗࡀᚲせ࡟࡞ࡿࡀ㸪
ࡑࡢసᴗࡣ↹㞧࡛࠶ࡾ᫬㛫ࡀ࠿࠿ࡿ㸬
࢖ࣥࣃࣝࢫ࡜ࢫࣛࢫࢱࢫࢱࣥࢻࡢ࢔࣮࣒ࡢኚ఩ࡢ㛵ಀࢆ
ྲྀᚓࡍࡿ୍ࡘࡢᡭẁ࡜ࡋ࡚㸪ࢫࣛࢫࢺࢫࢱࣥࢻࡢ࢔࣮࣒ࡢ
័ᛶ࣮࣓ࣔࣥࢺࢆ⏝࠸࡞࠸ຊኚ᥮ჾࢆ⏝࠸ࡓᡭἲࡀ࠶ࡾ㸪
ከࡃࡢ ᐃ࡛⏝࠸ࡽࢀ࡚࠸ࡿ㸬ࡇࡢᡭἲࡣ࢖ࣥࣃࢡࢺࣁࣥ
࣐࣮࡟ࡼࡾࢫࣛࢫࢺࢫࢱࣥࢻࡢ࢔࣮࣒࡟ᅛᐃࡉࢀࡓຊኚ᥮
ჾࢆ྇ࡃࡇ࡜࡛࢔࣮࣒࡟ኚ఩ࢆ୚࠼ࡿࡶࡢ࡛㸪ຊኚ᥮ჾࡢ
ຊฟຊࢆ᫬㛫✚ศࡍࡿࡇ࡜࡛࢖ࣥࣃࣝࢫࢆྲྀᚓ࡛ࡁࡿࡢ࡛㸪
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࢔࣮࣒࡟ఏࢃࡿࡀ㸪࢖ࣥࣃࢡࢺࣁ࣐࣮ࣥࢆຊኚ᥮ჾࡢࢭࣥ
ࢧ࣮ධຊ㒊࡟ṇ☜࡟⾪✺ࡉࡏ࡞ࡅࢀࡤṇ☜࡞ຊᒚṔࡀᚓࡽ
ࢀ࡞࠸࡞࡝㸪 ᐃ࡟ὀពࡀᚲせ࡛࠶ࡿ࡜࡜ࡶ࡟㸪ຊኚ᥮ჾ
ࡢฟຊ࠿ࡽ࢖ࣥࣃࣝࢫࢆồࡵࡿ㝿ࡢ✚ศసᴗࡀ↹㞧࡛࠶ࡿ㸬
ࡲࡓ㸪ຊኚ᥮ჾ࡛⏝࠸ࡿᅽ㟁ᆺ࣮ࣟࢻࢭࣝࡢ㟁ᅽឤᗘ࡟ࡣ
±15%⛬ᗘࡢㄗᕪࡀ࠶ࡿ㸬
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ࡿࡇ࡜࡛࢖ࣥࣃࣝࢫ ᐃࢆ⾜࠺ᡭẁࢆᵓ⠏ࡋࡓ㸬ࡓࡔࡋ㸪
័ᛶ࣮࣓ࣔࣥࢺࢆồࡵࡿࡓࡵ࡟↹㞧࡞ィ⟬ࢆ⾜࠺ࡇ࡜ࡣ㑊
ࡅ㸪័ᛶ࣮࣓ࣔࣥࢺࡀ஦๓࡟☜ᐃࡋ࡚࠸ࡿ㗽ࢆࢫࣛࢫࢺࢫ
ࢱࣥࢻࡢ࢔࣮࣒࡟㏣ຍࡋ㸪᣺ື࿘ᮇࡢ㐪࠸࠿ࡽ័ᛶ࣮࣓ࣔ
ࣥࢺࢆ⟬ฟࡍࡿࡇ࡜࡜ࡋࡓ㸬
ᮏ✏࡛ࡣ㸪ࡇࡢ⡆᫆ⓗ࡞ ᐃἲ࡟ࡘ࠸࡚㏙࡭㸪ᚑ᮶ࡲ࡛
ࡢຊኚ᥮ჾࢆ⏝࠸ࡓ࢖ࣥࣃࣝࢫィ ࡟ᑐࡍࡿ⢭ᗘࡢ㐪࠸ࢆ
᫂ࡽ࠿࡟ࡍࡿࡇ࡜࡛㸪ࡇࡢᡭἲࡢ㐺⏝ᛶ࡟ࡘ࠸᳨࡚ウࢆ⾜
ࡗࡓ㸬
 
 ࢫࣛࢫࢺࢫࢱࣥࢻ ᐃ
 ᐃཎ⌮
 ࢖ࣥࣃࣝࢫࡢィ ࡟ࡣᵝࠎ࡞ᡭẁࡀ࠶ࡿࡀ㸪ᅗ 1 ࡟♧ࡍ
ࢫࣛࢫࢺࢫࢱࣥࢻࢆ⏝࠸ࡓᡭἲࡀᑠᆺࢫࣛࢫࢱࡢ࢖ࣥࣃࣝ
ࢫࡢィ ⿦⨨࡜ࡋ࡚ᐇ⦼ࡀ࠶ࡿ 3)㸬 
ࡇࡢࢫࣛࢫࢺࢫࢱࣥࢻ࡟ࡣ㸪ኚ఩ゅߠ(ݐ)࡟ẚ౛ࡋ࡚ࢺࣝ
ࢡࡀⓎ⏕ࡍࡿ᤟ࡌࡾࡤࡡࡀ୰ᚰ࡟㓄⨨ࡉࢀ࡚࠾ࡾ㸪ࡑࡢ㐠
ື᪉⛬ᘧࡣ㸪ࢫࣛࢫࢺࢫࢱࣥࢻࡢ័ᛶ࣮࣓ࣔࣥࢺࢆ ܬ㸪⢓ᛶ
ಀᩘࢆ ܿ, ࡤࡡᐃᩘࢆ ݇ ࡜ࡋ㸪᥎ຊ ܨ(ݐ) ࡢⓎ⏕⟠ᡤࢆ୰ᚰ
㍈࠿ࡽ ݈୤ ࡢሙᡤ࡜ࡋ࡚ 
ᅗ 1 ࢫࣛࢫࢺࢫࢱࣥࢻ࡟ࡼࡿ࢖ࣥࣃࣝࢫ ᐃ.
1) ᮾி㒔❧⏘ᴗᢏ⾡㧗➼ᑓ㛛Ꮫᰯ ࡶࡢ࡙ࡃࡾᕤᏛ⛉ ⯟✵ᏱᐂᕤᏛࢥ࣮ࢫ
2) ᐑᓮ኱Ꮫ ᕤᏛ㒊 ᶵᲔタィࢩࢫࢸ࣒ᕤᏛ⛉
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ܬ ௗమఏ(௧)ௗ௧మ + ܿ
ௗఏ(௧)
ௗ௧ + ݇ߠ(ݐ) = ܨ(ݐ)݈୤                      (1) 
࡜᭩ࡃࡇ࡜ࡀ࡛ࡁࡿ㸬ࢫࣛࢫࢺࢫࢱࣥࢻࡢ࢔࣮࣒ࡢゅᗘኚ
໬ࡣ㸪࣮ࣞࢨ࣮ኚ఩ィ࡞࡝ࡢᡭẁࢆ⏝࠸࡚㸪 ᐃⅬࡢỈᖹ
᪉ྥࡢኚ఩ ݔ(ݐ) ࡜ࡋ࡚ィ ࡍࡿࡇ࡜ࡀ࡛ࡁࡿ㸬ࡍ࡞ࢃࡕ㸪
࢔࣮࣒ࡢ୰ᚰ࠿ࡽ ᐃⅬࡲ࡛ࡢ㊥㞳ࢆ  ݈௦࡜ࡍࢀࡤኚ఩ࡣ 
ݔ(ݐ) = ݈ୱ sin ߠ(ݐ) ൎ ݈ୱߠ(ݐ)                        (2) 
࡜㏆ఝ࡛ࡁࡿ㸬ᘧ(1)ࡣࢫࣛࢫࢺࢫࢱࣥࢻࡢ࢔࣮࣒ࡢᅛ᭷ゅ
࿘Ἴᩘ࡜⢓ᛶಀ  ᩘ
 ߱଴ = ଶగబ் = ට
௞
௃ ,    ߤ =
௖
ଶ௃                             (3) 
ࢆᑟධࡍࡿࡇ࡜࡛㸪ḟࡢࡼ࠺࡟ኚ఩ゅ࠿ࡽኚ఩࡬࡜㐠ື᪉
⛬ᘧࢆ᭩ࡁ┤ࡏࡿ㸬 
ௗమ௫(௧)
ௗ௧మ + 2ߤ
ௗ௫(௧)
ௗ௧ + ߱଴ଶݔ(ݐ) = ܨ(ݐ)
௟౜௟౩
௃                 (4) 
ࡇࡇ࡛㸪᥎ຊⓎ⏕᫬㛫ࡀ ߬ ࡛୚࠼ࡽࢀࡿሙྜ㸪᥎ຊࢆ࢖ࣥ
ࣃࣝࢫ ܫ ࢆ⏝࠸  ࡚
ܨ(ݐ) = ቊ         
ூ
ఛ     (0 ൑ ݐ ൑ ߬)
0    (߬ < ݐ)                                 (5) 
࡜࠾ࡃࡇ࡜ࡀ࡛ࡁࡿ㸬ࢫࣛࢫࢱసື᫬࡟ࢫࣛࢫࢺࢫࢱࣥࢻ
ࡀ㟼Ṇࡋ࡚࠸ࡿ࡜ࡍࡿ࡜㸪ึᮇ᮲௳ࡣ 
ݔ(0) = ݔሶ(0) = 0                                (6) 
࡛࠶ࡿ㸬 
ணഛᐇ㦂࠿ࡽồࡵࡓࢫࣛࢫࢺࢫࢱࣥࢻࡢῶ⾶ẚࡣ᭱኱࡛
ࡶ 0.04 ⛬ᗘ࡛࠶ࡿࡓࡵ㸪 ᐃ⣔ࡢ⢓ᛶಀᩘࢆ↓どࡋ࡚ᘧ(4)
ࢆゎࡃ࡜㸪ࡑࡢゎࡣ 
ݔ(ݐ) = ൞
ூ௟౜௟౩
௃ఠబమ
ଵିୡ୭ୱ ఠబ௧
ఠబఛ                              (0 ൑ ݐ ൑ ߬)
ூ௟౜௟౩
௃ఠబమ
ୱ୧୬ഘబഓమഘబഓ
మ
sin ߱଴ ቀݐ െ ఛଶቁ   (߬ < ݐ)      
          (7) 
࡜࡞ࡿ㸬limఛ՜଴ sin
ఠబఛ
ଶ
ఠబఛ
ଶൗ = 1࡛࠶ࡿࡢ࡛㸪࢖ࣥࣃࣝࢫࡢⓎ⏕
᫬㛫ࡀ༑ศ࡟▷ࡅࢀࡤ㸪ᘧ(7)࠿ࡽ༢᣺ືࡢゎ 
ݔ(ݐ) = ூ௟౜௟౩௃ఠబ sin ߱଴ ݐ                                 (8) 
ࡀᚓࡽࢀ㸪᣺ᖜࡀ࢖ࣥࣃࣝࢫ࡟ẚ౛ࡍࡿࡇ࡜ࡀศ࠿ࡿ㸬ࡲ
ࡓ㸪ᘧ(8)ࡢ 1 ᅇᚤศ࡛࠶ࡿ㏿ᗘࡸ 2 ᅇᚤศ࡛࠶ࡿຍ㏿ᗘࡢ
᣺ᖜࡶ࢖ࣥࣃࣝࢫ࡟ẚ౛ࡋࡓ್࡜࡞ࡿ㸬ࡋࡓࡀࡗ࡚㸪ኚ఩㸪
㏿ᗘ㸪ຍ㏿ᗘࡢ᣺ᖜࡢ࠸ࡎࢀ࠿ࢆィ ࡍࡿࡇ࡜ࡀ࡛ࡁࢀࡤ
࢖ࣥࣃࣝࢫࡣホ౯ྍ⬟࡛࠶ࡿ㸬 
ຊኚ᥮ჾࢆ⏝࠸ࡓ㍑ṇ
 ཎ⌮ⓗ࡟ࡣᘧ(8)ࡢྛࣃ࣓࣮ࣛࢱࢆỴᐃࡍࡿࡇ࡜࡛㸪ኚ఩㸪
㏿ᗘ࠶ࡿ࠸ࡣຍ㏿ᗘࡢ᣺ᖜ࠿ࡽ࢖ࣥࣃࣝࢫࢆồࡵࡿࡇ࡜ࡀ
࡛ࡁࡿࡀ㸪ࢫࣛࢫࢺࢫࢱࣥࢻࡢ࢔࣮࣒࡟ࡣࢫࣛࢫࢱࢆࡣࡌ
ࡵ࡜ࡋ࡚ᵝࠎ࡞ィ ⿦⨨➼ࡀ⨨࠿ࢀࡿࡓࡵ࡟㸪࢔࣮࣒ࡢ័
ᛶ࣮࣓ࣔࣥࢺࢆṇ☜࡟ồࡵࡿࡢࡣ᫬㛫ࡢ࠿࠿ࡿసᴗ࡛࠶ࡿ㸬
ࡑࡢࡓࡵ㸪᪤▱ࡢ࢖ࣥࣃࣝࢫࢆ࢔࣮࣒࡟୚࠼㸪ྠ᫬࡟ኚ఩
ࡲࡓࡣຍ㏿ᗘࡢ᣺ᖜࢆྲྀᚓࡋ࡚㍑ṇ┤⥺ࢆసࡿࡇ࡜࡛㸪ࢫ
ࣛࢫࢺࢫࢱࣥࢻࡢ࢔࣮࣒ࡢ័ᛶ࣮࣓ࣔࣥࢺࢆ⏝࠸ࡎ࡟㸪࢖
ࣥࣃࣝࢫࢆྲྀᚓࡍࡿࡢࡀ୍⯡ⓗ࡛࠶ࡿ 4)㸬ࡘࡲࡾ㸪࢖ࣥࣃࣝ
ࢫࡀኚ఩࡟ẚ౛ࡍࡿ࡜࠸࠺஦ᐇࡢࡳࢆ⏝࠸㸪ܫ ݔ୫ୟ୶Τ ࡲࡓࡣ
ܫ ߙ୫ୟ୶Τ ࢆእⓗ࡟Ỵᐃࡍࡿࡶࡢ࡛㸪ࡇࡇ࡛ࡣຊኚ᥮ჾࢆ⏝࠸
ࡓィ ἲ࡟ࡘ࠸࡚㏙࡭ࡿ㸬 
௒㸪ᅗ 2 ࡢ(a)࡟ࡼ࠺࡟ࢫࣛࢫࢺࢫࢱࣥࢻࡢ࢔࣮࣒࡟ᅛᐃ
ࡉࢀࡓຊኚ᥮ჾࢆࣁ࣐࣮࡛ࣥ྇ࡃ㸬ࡇࢀ࡟ࡼࡾࢫࣛࢫࢺࢫ
ࢱࣥࢻࡢ࢔࣮࣒࡟ຍ࠼ࡽࢀࡓຊࡢ᫬㛫ᒚṔࢆᚓࡿࡇ࡜ࡀ࡛
ࡁࡿ㸬ࡇࡢຊኚ᥮ჾࡢฟຊࢆ᫬㛫✚ศࡋࡓࡶࡢࡀ࢔࣮࣒࡟
ຍ࠼ࡽࢀࡓ࢖ࣥࣃࣝࢫ࡟࡞ࡿࡢ࡛㸪ࡑࡢ್ࢆܫୡୟ୪࡜ࡋ㸪ຊኚ
᥮ჾࡢ఩⨨ࢆ ݈ୡୟ୪㸪ࢫࣛࢫࢺࢫࢱࣥࢻࡢ࢔࣮࣒ࡢኚ఩ࡢ᣺ᖜ
ࢆܣୡୟ୪࡜ࡍࡿ࡜㸪᭱ᑠ⮬஌ἲࢆ⏝࠸ࡿࡇ࡜࡛㸪᣺ᖜ࠿ࡽ࢖ࣥ
ࣃࣝࢫࢆ୚࠼ࡿഴࡁ 
ூౙ౗ౢ
௫ౣ౗౮ =
σ ஺ౙ౗ౢ,೔ூౙ౗ౢ,೔೔
σ ஺ౙ౗ౢ,೔మ೔
                              (9) 
ࡀィ⟬࡛ࡁࡿ㸬ࡇࡇ࡛㸪ࢫࣛࢫࢱసື᫬ࡢ࢔࣮࣒ࡢኚ఩ࡢ
᣺ᖜ ܣ ࡀィ ࡉࢀࡓ࡞ࡽ㸪࢖ࣥࣃࣝࢫࢆ 
ܫ = ௟ౙ౗ౢ௟౜ ×
ூౙ౗ౢ
௫ౣ౗౮ × ܣ                               (10) 
(a) ຊኚ᥮ჾ࡟ࡼࡿ㍑ṇ
(b) 㗽㸦័ᛶ࣮࣓ࣔࣥࢺ㸧ࡢຍῶ࡟ࡼࡿ㍑ṇ 
 
ᅗ 2 ࢖ࣥࣃࣝࢫ࡜ኚ఩ࡢ㍑ṇᡭẁ
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࡛ồࡵࡿࡇ࡜ࡀ࡛ࡁࡿ㸬ᘧ(10)ࡢホ౯࡟ࡣ㸪ຊኚ᥮ჾ࡜ࢫࣛ
ࢫࢱࡢ఩⨨ࡀᚲせ࡛࠶ࡿࡀ㸪ኚ఩ࢭࣥࢧ࣮ࡢ఩⨨ࡀィ ୰
ኚࢃࡾ࡞ࡅࢀࡤ㸪ィ ࢭࣥࢧ࣮ࡢ఩⨨᝟ሗࡣᚲせ࡞࠸㸬 

㗽㸦័ᛶ࣮࣓ࣔࣥࢺ㸧ࡢຍῶ࡟ࡼࡿ⡆᫆ᡭἲ
 ୖ㏙ࡢࡼ࠺࡟ᘧ(8)ࡢ័ᛶ࣮࣓ࣔࣥࢺࡸᅛ᭷ゅ࿘Ἴᩘࢆィ
⟬࡟ࡼࡾホ౯ࡍࡿࡇ࡜ࡣ㞴ࡋ࠸ࡀ㸪ᐇ㦂ⓗ࡟ホ౯ࡍࡿࡇ࡜
ࡣྍ⬟࡛࠶ࡿ㸬ᅛ᭷ゅ࿘Ἴᩘࡣ㸪ࢫࣛࢫࢺࢫࢱࣥࢻࡢ࢔࣮
࣒ࢆ᣺ືࡉࡏ㸪ࡑࡢ࿘ᮇ࠿ࡽ⟬ฟࡍࡿ㸬ࡲࡓ㸪័ᛶ࣮࣓ࣔ
ࣥࢺࡣ㸪័ᛶ࣮࣓ࣔࣥࢺࡢ㔜ࡡྜࢃࡏࢆ⏝࠸࡚ホ౯ྍ⬟࡛
࠶ࡿ㸬 
ලయⓗ࡟ࡣ㸪㗽㸦័ᛶ࣮࣓ࣔࣥࢺ ܬଵ㸧ࢆຍ࠼࡚ ࡗࡓࢫ
ࣛࢫࢺࢫࢱࣥࢻࡢ࢔࣮࣒㸦័ᛶ࣮࣓ࣔࣥࢺ ܬ + ܬଵ㸧ࡢ࿘ᮇ
 ଵܶࢆ⏝࠸ࡿ㸦ᅗ 2(b)㸧㸬ࡇࡢ࡜ࡁ㸪ᘧ(3)࡜ྠᵝ࡞ᙧࡢ 
ଶగ
భ்
= ට ௞௃ା௃భ                                 (11) 
ࡀᡂ❧ࡍࡿ㸬ᘧ(3)࡜ୖᘧࡼࡾࡡࡌࡾࡤࡡᐃᩘ ݇ ࢆᾘཤࡍࡿ
࡜ 
ܬ = ௃భ
ቀ೅భ೅బቁ
మିଵ
                                  (12) 
࡜࡞ࡾ㸪ࢫࣛࢫࢺࢫࢱࣥࢻࡢ࢔࣮࣒ࡢ័ᛶ࣮࣓ࣔࣥࢺࡣ㸪
ࢫࣛࢫࢺࢫࢱࣥࢻ༢⊂ࡢ࿘ᮇ ଴ܶ࡜㗽ࢆຍ࠼࡚ィ ࡋࡓ࿘ᮇ 
 ଵܶ ࡢẚ࠿ࡽィ⟬࡛ࡁࡿ㸬័ᛶ࣮࣓ࣔࣥࢺࡢຍ࠼᪉࡜ࡋ࡚ࡣ㸪
ࢫࣛࢫࢺࢫࢱࣥࢻୖࡢᨭᣢᰕ࡟෇┙ᆺࡢ㗽ࢆ㏣ຍࡍࡿ࡞࡝
✀ࠎࡢ᪉ἲࡀ࠶ࡾ㸪౛࠼ࡤ㸪୰ᚰ㍈࠿ࡽ ݈ଵ 㞳ࢀࡓሙᡤ࡟ࣜ
ࣥࢢ≧෇┙㸦㉁㔞 ܯ, እᚄ ܽ, ࡃࡾᢤࡁෆᚄ ܾ㸧ࢆ⨨࠸ࡓሙ
ྜ㸪ࡑࡢ័ᛶ࣮࣓ࣔࣥࢺࡣᖹ⾜㍈ࡢᐃ⌮ࢆ⏝࠸  ࡚
ܬଵ = ଵଶ (ܽଶ + ܾଶ)ܯ + ܯ݈ଵଶ                        (13) 
࡛࠶ࡾ㸪ᐜ᫆࡟ィ⟬࡛ࡁࡿ㗽ࢆ⏝࠸ࢀࡤࡼ࠸㸬 
㗽㸦័ᛶ࣮࣓ࣔࣥࢺ ܬଶ㸧ࢆ㏣ຍࡍࡿሙྜ࡟ࡣ㸪ḟࡢ஧㏻
ࡾࡢ័ᛶ࣮࣓ࣔࣥࢺࡢィ⟬ἲࡀ࠶ࡿ㸬୍㏻ࡾ┠ࡣ㸪㗽 2 ࡘ
ࢆྠ᫬࡟ຍ࠼ࡓࢫࣛࢫࢺࢫࢱࣥࢻࡢ࢔࣮࣒㸦័ᛶ࣮࣓ࣔࣥ
ࢺ ܬ + ܬଵ +  ܬଶ㸧ࡢ࿘ᮇ ଵܶଶࢆィ ࡋ࡚㸪ᘧ(3)࡜ྠᵝ࡞ᙧࡢ 
ଶగ
భ்మ
= ට ௞௃ା௃భା௃మ                               (14) 
ࡀᡂ❧ࡍࡿࡇ࡜ࢆ฼⏝ࡍࡿ㸬ᘧ(3)࡜ୖᘧ࠿ࡽࡡࡌࡾࡤࡡᐃ
 ᩘ݇  ࢆᾘཤࡍࡿ࡜ 
ܬ = ௃భା௃మ
ቀ೅భమ೅బ ቁ
మିଵ
                                (15) 
࡛࠶ࡿ㸬஧㏻ࡾ┠ࡣ㸪㗽 1 ࡘ㸦ࢫࣛࢫࢺࢫࢱࣥࢻࡢ࢔࣮࣒
ࡢ័ᛶ࣮࣓ࣔࣥࢺ ܬ + ܬଵ㸧ࢆຍ࠼࡚ィ ࡋࡓ࿘ᮇ ଵܶ࡜㗽 2
ࡘ㸦ࢫࣛࢫࢺࢫࢱࣥࢻࡢ࢔࣮࣒ࡢ័ᛶ࣮࣓ࣔࣥࢺ ܬ + ܬଵ +
 ܬଶ㸧ࢆຍ࠼࡚ィ ࡋࡓ࿘ᮇ  ଵܶଶࢆ⏝࠸࡚ࠊࢫࣛࢫࢺࢫࢱࣥ
ࢻ༢⊂ࡢ࿘ᮇ ଴ܶࢆ⏝࠸ࡎ 
ܬ = ௃భା௃మ
ቀ೅భమ೅భ ቁ
మିଵ
െ ܬଵ                           (16) 
࠿ࡽ័ᛶ࣮࣓ࣔࣥࢺࢆホ౯ࡍࡿ㸬 
ࡋࡓࡀࡗ࡚㸪࢖ࣥࣃࣝࢫィ ࡟ඛ❧ࡗ࡚㸪ࢫࣛࢫࢺࢫࢱ
ࣥࢻࡢ࢔࣮࣒ࡢ༢⊂ࡢ᣺ື࿘ᮇࢆ ࡾ㸪㏣ຍ࡛㗽ࢆຍ࠼࡚
᣺ື࿘ᮇࢆィ ࡍࡿࡇ࡜࡟ࡼࡾ㸪ᘧ(12)࠿ࡽࢫࣛࢫࢺࢫࢱࣥ
ࢻࡢ࢔࣮࣒ࡢ័ᛶ࣮࣓ࣔࣥࢺࢆ┤᥋ィ⟬ࡍࡿࡇ࡜ࡀ࡛ࡁࡿ㸬
ࡉࡽ࡟㏣ຍࡢ㗽ࢆຍ࠼ࡿሙྜ࡟ࡣᘧ(15)ࡲࡓࡣᘧ(16)ࡶ⏝࠸
ࡿࡇ࡜ࡀ࡛ࡁࡿ㸬ࢫࣛࢫࢱࡢ఩⨨࡜ኚ఩ࢭࣥࢧ࣮ࡢ఩⨨ࡣ
᪤▱࡛࠶ࡿࡢ࡛㸪ᘧ(7)ࡶࡋࡃࡣᘧ(8)ࢆ⏝࠸࡚ࢫࣛࢫࢱసື
᫬ࡢ᣺ᖜ ᐃ⤖ᯝ࠿ࡽࢫࣛࢫࢱࡢ࢖ࣥࣃࣝࢫࢆィ⟬ࡍࡿࡇ
࡜ࡀྍ⬟࡛࠶ࡿ㸬 
ࡇࡢィ ᪉ἲ࡟ࡼࡿㄗᕪ࡛࠶ࡿࡀ㸪㏣ຍࡍࡿ㗽ࡢ័ᛶࣔ
࣮࣓ࣥࢺࡢㄗᕪ ȟܬଵ, ࿘ᮇ ܶ ଴࡜ ܶ ଵࡢ ᐃㄗᕪࢆȟ ଴ܶ࡜ ȟ ଵܶ࡜
ࡍࡿ࡜㸪ࡑࢀ࡟ࡼࡗ࡚ࡶࡓࡽࡉࢀࡿࢫࣛࢫࢺࢫࢱࣥࢻࡢ࢔
࣮࣒ࡢ័ᛶ࣮࣓ࣔࣥࢺࡢㄗᕪ ȟܬ ࡣ㸪ᘧ(12)࠿ࡽㄗᕪఏ᧛ࢆ
⪃࠼࡚ 
୼௃
௃ =
௃
௃భ
ඨቀ୼௃భ௃భ ቁ
ଶ + 4 ቀ భ்
బ்
ቁସ ൜ቀȟ బ்
బ்
ቁ
ଶ
+ ቀȟ భ்
భ்
ቁ
ଶ
ൠ                (17) 
࡜ᑟࡃࡇ࡜ࡀ࡛ࡁࡿ㸬ᅛ᭷ゅ᣺ືᩘ࡟ࡘ࠸࡚ 
୼ఠబ
ఠబ = െ
ଵ
ଶ
୼௃
௃                                  (18) 
࡛࠶ࡿࡓࡵ㸪ܫୡୟ୪ ݔ୫ୟ୶Τ ࡟୚࠼ࡿㄗᕪࡣ㸪ᘧ(17), (18)࠿ࡽ 
୼(ூౙ౗ౢ ௫ౣ౗౮Τ )
ூౙ౗ౢ ௫ౣ౗౮Τ =
ଵ
ଶ
௃
௃భ
ඨቀ୼௃భ௃భ ቁ
ଶ + 4 ቀ భ்
బ்
ቁସ ൜ቀȟ బ்
బ்
ቁ
ଶ
+ ቀȟ భ்
భ்
ቁ
ଶ
ൠ      (19) 
࡛࠶ࡿ㸬୍᪉㸪 ଵܶ࡜ ଵܶଶ࡜࠿ࡽồࡵࡿሙྜ࡟ࡣ㸪ᘧ(16)࠿ࡽ
ㄗᕪࡣ 
ȟ(ܫୡୟ୪ ݔ୫ୟ୶Τ )
ܫୡୟ୪ ݔ୫ୟ୶Τ =
1
2
ܬ + ܬଵ
ܬଵ + ܬଶ
ܬ + ܬଵ
ܬ  
× ටቀ௃ି௃మ௃ା௃భቁ
ଶ ቀ ୼௃భ௃ା௃భቁ
ଶ + ቀ ୼௃మ௃ା௃భቁ
ଶ + 4 ቀ భ்మ
భ்
ቁସ ൜ቀ୼ భ்మ
భ்మ
ቁଶ + ቀ୼ భ்
భ்
ቁଶൠ   (20) 
࡜ホ౯࡛ࡁࡿ㸬࡞࠾㸪ᘧ(20)୍࡛᪉ࡢ㗽ࡢ័ᛶ࣮࣓ࣔࣥࢺࢆ
0 ࡜ࡍࡿ࡜㸪1 ಶࡢ㗽ࢆ⏝࠸࡚ィ⟬ࡋࡓᘧ(19)࡜୍⮴ࡍࡿࡣ
ࡎ࡛࠶ࡿࡀ㸪ᐇ㝿 ܬଵ ՜ 0, οܬଵ ՜ 0,  ଵܶ ՜  ଴ܶ, ο ଵܶ ՜  ο ଴ܶ ࡜
ࡋܬଶ ՜ ܬଵ, ଵܶଶ ՜  ଵܶ,  ο ଵܶଶ ՜  ο ଵܶ ࡜ㄞࡳኚ࠼ࡿ࡜ᘧ(19)࡜୍
⮴ࡍࡿࡇ࡜ࡀ☜ㄆ࡛ࡁࡿࠋ 
㏣ຍࡍࡿ㗽ࡢ័ᛶ࣮࣓ࣔࣥࢺࡢㄗᕪ࡟ࡘ࠸࡚ࡣ஦๓࡟್
ࢆỴࡵ࡚࠾ࡃࡇ࡜ࡀྍ⬟࡛࠶ࡿࡀ㸪࿘ᮇࡢㄗᕪ࡟ࡘ࠸࡚ࡣ
ィ ⪅ࡸィ ᪉ἲ࡛ᐇ㦂ẖ࡟್ࡀኚࢃࡾࡸࡍ࠸㸬ࡑࡇ࡛࿘
ᮇࡢィ ㄗᕪࡀ୚࠼ࡿᙳ㡪࡟ࡘ࠸࡚ホ౯ࡍࡿ㸬ᘧ(19)ࡼࡾ࿘
ᮇࡢィ ㄗᕪࡢᣑ኱⋡ ܭ ࢆḟࡢࡼ࠺࡟ᐃ⩏ࡍࡿ㸬 
ܭ ؠ ଵଶ
௃
௃భ
ට4 ቀ భ்
బ்
ቁସ = ௃௃భ ቀ
భ்
బ்
ቁଶ = ௃௃భ
௃ା௃భ
௃ =
௃
௃భ + 1       (21) 
 ଵܶ࡜ ଵܶଶ࡜࠿ࡽồࡵࡿሙྜ࡟ࡣ㸪ᘧ(20)࠿ࡽ࿘ᮇࡢィ ㄗᕪ
ࡢᣑ኱⋡ࡣ 
ܭ ؠ ଵଶ
௃ା௃భ
௃భା௃మ
௃ା௃భ
௃ ට4 ቀ భ்మభ் ቁ
ସ = ௃ା௃భ௃భା௃మ
௃ା௃భ
௃
௃ା௃భା௃మ
௃ା௃భ =
௃ା௃భ
௃భା௃మ
௃ା௃భା௃మ
௃  (22) 
࡜ホ౯࡛ࡁࡿ㸬 
ࡇࡢ࿘ᮇࡢィ ㄗᕪࡢᣑ኱⋡ࢆ㏣ຍࡍࡿ㗽ࡢ័ᛶ࣮࣓ࣔ
ࣥࢺ ܬୟୢୢ ࡟ᛂࡌ࡚ࣉࣟࢵࢺࡋࡓࡶࡢࡀᅗ 3࡛࠶ࡿ㸬ᘧ(22)࡟
࠾࠸࡚⡆༢ࡢࡓࡵ 2 ࡘ┠࡟㏣ຍࡍࡿ㗽ࡣ 1 ࡘ┠࡜ྠࡌ࡜ࡋ
ࡓ㸬 ଴ܶ࡜ ଵܶ࡜࠿ࡽồࡵࡿᘧ(21)࡛ࡣ㸪ㄗᕪࡢᣑ኱⋡ࡣ㏣ຍ
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ࡍࡿ㗽ࡢ័ᛶ࣮࣓ࣔࣥࢺࢆ኱ࡁࡃࡍࡿࡇ࡜࡛༢ㄪ࡟ῶᑡࡍ
ࡿ㸬୍᪉㸪 ଵܶ࡜ ଵܶଶ࡜࠿ࡽồࡵࡿᘧ(22)ࡢሙྜ࡟ࡣ㸪ㄗᕪࡢ
ᣑ኱⋡ࡣ ܬଵ = ܬଶ = ܬ/ξ2 ࡛᭱ᑠ್ࢆᣢࡘୗ࡟ฝࡢ᭤⥺࡜࡞
ࡿ㸬࡞࠾㸪2 ࡘࡢ᭤⥺ࡢ஺Ⅼࡣ ܬଵ = ܬଶ = ܬ/2 ࡟࠶ࡾ㸪ࡑࢀ
ࡼࡾ኱ࡁ࠸㏣ຍ័ᛶ࣮࣓ࣔࣥࢺ࡛ࡣ㸪㗽 1 ࡘࢆ㏣ຍࡍࡿ᪉
ࡀㄗᕪࡢᣑ኱⋡ࡣᑠࡉࡃ࡞ࡿ㸬ࡋࡓࡀࡗ࡚㸪ࢫࣛࢫࢺࢫࢱ
ࣥࢻࡢ࢔࣮࣒ࡢ័ᛶ࣮࣓ࣔࣥࢺࡀண᝿࡛ࡁࡿሙྜ㸪㏣ຍࡍ
ࡿ㗽ࡢ័ᛶ࣮࣓ࣔࣥࢺࡀ ܬ/2 ௨ୗ࡛࠶ࢀࡤ㸪㗽ࢆ㡰࡟ຍ࠼
࡚ィ ࡋࡓ࿘ᮇ  ଵܶ, ଵܶଶ ࠿ࡽ័ᛶ࣮࣓ࣔࣥࢺࢆ⟬ฟࡋ㸪ܬ/2 
௨ୖ࡛࠶ࢀࡤ㸪㗽ࢆ 1 ࡘ㏣ຍࡍࡿࡢࡳ࡟ࡋ࡚ ଴ܶ, ଵܶࢆ⏝࠸
ࡿࡇ࡜࡛࿘ᮇࡢィ ㄗᕪࡢᣑ኱ࢆᢚไࡍࡿࡇ࡜ࡀ࡛ࡁࡿ㸬 
 
 ᐇ㦂
 ㏣ຍࡍࡿ㗽ࡢ័ᛶ࣮࣓ࣔࣥࢺ࡟ࡼࡾࢫࣛࢫࢺࢫࢱࣥࢻ࢔
࣮࣒ࡢ᣺ື࿘ᮇࡀኚࢃࡿࡇ࡜ࢆ฼⏝ࡋࡓᮏィ ᡭἲ㸦⡆᫆
㍑ṇἲ㸧࡟ࡘ࠸࡚㸪ᐇ㦂࡟ࡼࡾホ౯ࢆ⾜࠺㸬
ホ౯᪉ἲ
 ຊኚ᥮ჾࢆ⏝࠸ࡓ㍑ṇ࡜⡆᫆㍑ṇἲࡢẚ㍑ࢆ⾜࠺㸬ලయ
ⓗ࡟ࡣ㸪
(1) ຊኚ᥮ჾ࡟࢖ࣥࣃࢡࢺࣁ࣐࣮ࣥࢆ⾪✺ࡉࡏࡿࡇ࡜࡟ࡼࡗ
࡚ᚓࡽࢀࡿ ܫୡୟ୪ ݔ୫ୟ୶Τ  㸦ᘧ(9)࠿ࡽィ⟬ࡍࡿ㸬㸧 
(2) ⡆᫆㍑ṇἲ࡟ࡼࡾᚓࡽࢀࡿຊኚ᥮ჾ఩⨨࡟࠾ࡅࡿ 
ܫୡୟ୪ ݔ୫ୟ୶Τ  (ᘧ(8)࠿ࡽ ௃ఠబ௟౜௟౩ࢆィ⟬ࡋ࡚ᚓࡽࢀࡿ㸬) 
ࢆồࡵ㸪᣺ᖜ࡟ᑐࡍࡿ࢖ࣥࣃࣝࢫࡢឤᗘ ܫୡୟ୪ ݔ୫ୟ୶Τ  ࢆẚ㍑ࡍ
ࡿ㸬ࡲࡓ㸪 ᐃࢹ࣮ࢱࡢㄗᕪࡀ ܫୡୟ୪ ݔ୫ୟ୶Τ  ࡟୚࠼ࡿᙳ㡪㸦ㄗ
ᕪࡢఏ᧛㸧࡟㛵ࡋ࡚ࡶホ౯ࡍࡿ㸬 
ẚ㍑᮲௳
ࢫࣛࢫࢺࢫࢱࣥࢻࡢ࢔࣮࣒࡟ྲྀࡾ௜ࡅࡽࢀࡓຊኚ᥮ჾ࡟
࢖ࣥࣃࢡࢺࣁ࣐࣮ࣥࢆ⾪✺ࡉࡏ࡚㸪࢔࣮࣒ࡢኚ఩ࢆ࣮ࣞࢨ
࣮ኚ఩ィ࡛ィ ࡋ㸪ኚ఩ࡢ᭱኱್࡜᭱ᑠ್࠿ࡽ᣺ᖜࢆ⟬ฟ
ࡋࡓ㸬ຊኚ᥮ჾࡢタ⨨఩⨨ࡣ࢔࣮࣒ࡢᅇ㌿୰ᚰ࠿ࡽ 290 mm
࡛࠶ࡿ㸬ຊኚ᥮ჾ࡟ࡣ PCB Piezotronics ♫〇ࡢ࣑ࢽࢳࣗ࢔
ICP®࣮ࣟࢻࢭࣝ 209C01 ᆺࢆ⏝࠸㸪480E09 ᆺࢩࢢࢼࣝࢥࣥࢹ
࢕ࢩࣙࢼࢆ⏝࠸ࡓ㸬ࡇࡢࢭࣥࢧ࣮ࡢ ᐃ⢭ᗘࡣ ±15%࡛࠶ࡿ㸬
࢔࣮࣒ࡢኚ఩ࡣ࣮࢚࢟ࣥࢫ♫ࡢ LK-500 ࢆ⏝࠸࡚࢔࣮࣒ࡢ୰
ᚰ㍈࠿ࡽ 275 mm࡛ྲྀᚓࡋࡓ㸬 
⡆᫆㍑ṇἲ࡛౑⏝ࡋࡓ㗽ࡣ㸪㉁㔞 2.385 kg࡜ 2.400 kg ࡢ෇
┙≧ࡢ㗽㸦┤ᚄ 173 mm㸪Ꮝᚄ 27 mm㸧࡛㸪࢔࣮࣒ࡢ୰ᚰ㍈
࠿ࡽ 123 mm ࡢ఩⨨࡟㓄⨨ࡋࡓ㸬័ᛶ࣮࣓ࣔࣥࢺࡢቑຍศࡣ
1ಶࡢ㗽ࢆ㏣ຍࡋࡓሙྜ࡟ࡣ 0.04634±0.00046 kg·m2㸪2ಶࡢ㗽
ࢆ㏣ຍࡋࡓሙྜ࡟ࡣ 0.09306±0.00093 kg·m2࡛࠶ࡿ㸬࿘ᮇ࡟ࡘ
࠸࡚ࡣ 10㹼20 ࿘ᮇศࡢ᫬㛫ࢆ ࡗ࡚᣺ືᅇᩘ࡛๭ࡗ࡚ồࡵ㸪
㗽ࢆ㏣ຍࡍࡿࡈ࡜࡟ᚓࡓ 6 ಶࡢ࿘ᮇࡢᶆ‽೫ᕪࢆ࿘ᮇࡢ 
ᐃㄗᕪ࡜ࡋࡓ㸬 ᐃ್ࡢㄗᕪఏ᧛ࡀ⯆࿡ᑐ㇟࡛࠶ࡿࡢ࡛㸪
ㄗᕪࡣࢹ࣮ࢱࡢࡤࡽࡘࡁࢆ⾲ࡍᶆ‽೫ᕪࢆ⏝࠸࡚࠸ࡿ㸬 
 
⤖ᯝ࠾ࡼࡧ⪃ᐹ
㍑ṇᡭἲ࡟ࡼࡿ㐪࠸
ຊኚ᥮ჾࢆ⏝࠸ࡓィ ⤖ᯝࢆ⾲ 1 ࡟♧ࡍ㸬࢖ࣥࣃࢡࢺࣁ
࣐࣮ࣥ࡟ࡼࡿࢹ࣮ࢱྲྀᚓࢆ 10 ᅇ⾜ࡗࡓ㸬᣺ᖜ࡟ᑐࡍࡿ࢖ࣥ
ࣃࣝࢫࡢឤᗘ ܫ ݔ୫ୟ୶Τ ࡣ 4.62±0.10 N·s/mm ࡛࠶ࡾ㸪10 ಶࡢࢹ
࣮ࢱ࠿ࡽᚓࡽࢀࡿᅇᖐ┤⥺ࡢ R2್ࡣ 0.9920࡛࠶ࡗࡓ㸬࡞࠾㸪
ࢭࣥࢧ࣮ࡢ ᐃ⢭ᗘࡀ ±15% ࠶ࡿࡓࡵ㸪ࡑࢀࢆ⪃៖ࡍࡿ࡜࢚
࣮ࣛࣂ࣮ࡣᣑ኱ࡋ 4.62±0.81 N·s/mm࡜࡞ࡿ㸬 
⾲ 2 ࡣ⡆᫆㍑ṇἲ࡛⏝࠸ࡓ᣺ື࿘ᮇ࡜㏣ຍࡋࡓ㗽ࡢ័ᛶ
࣮࣓ࣔࣥࢺ࡟ࡘ࠸࡚ࡲ࡜ࡵࡓࡶࡢ࡛࠶ࡿ㸬ࡇࡢ ଵܶ, ଴ܶࢆ⏝࠸
࡚⟬ฟࡋࡓࢫࣛࢫࢺࢫࢱࣥࢻ࢔࣮࣒ࡢ័ᛶ࣮࣓ࣔࣥࢺࡣ
0.0601±0.0005 kg·m2࡛࠶ࡾ㸪 ଶܶ ,  ଴ܶࢆ⏝࠸࡚⟬ฟࡋࡓ័ᛶࣔ
࣮࣓ࣥࢺࡣ 0.0589±0.0004 kg·m2࡛࠶ࡗࡓ㸬୍᪉㸪 ଵܶଶ, ଵܶ࠿ࡽ
⟬ฟࡋࡓ័ᛶ࣮࣓ࣔࣥࢺࡣ 0.0558±0.0010 kg·m2࡛࠶ࡾ㸪࢚ࣛ
࣮ࣂ࣮ࡢ⠊ᅖࡀᗈ࠸㸬ࡇࢀࡣᅗ 3 ࡛♧ࡉࢀࡿࡼ࠺࡟㸪㏣ຍ
ࡋࡓ㗽ࡢ័ᛶ࣮࣓ࣔࣥࢺ࡜ࢫࣛࢫࢺࢫࢱࣥࢻࡢ࢔࣮࣒ࡢ័
ᛶ࣮࣓ࣔࣥࢺࡀྠ⛬ᗘࡢ௒ᅇࡢሙྜ㸪2 ಶࡢ㗽ࢆ⤌ࡳྜࢃࡏ
ࡿ࡜࿘ᮇࡢィ ㄗᕪࡀᣑ኱ࡋࡸࡍ࠸࠿ࡽ࡛࠶ࡿ㸬
ḟ࡟ࢫࣛࢫࢺࢫࢱࣥࢻࡢ࢔࣮࣒ࡢ័ᛶ࣮࣓ࣔࣥࢺࢆỴᐃ
ࡍࡿ㸬㗽ࡢ㏣ຍࡀࢫࣛࢫࢺࢫࢱࣥࢻ࡟୚࠼ࡿᙳ㡪ࡣ㏣ຍ័
⾲ 1 ຊኚ᥮ჾࢆ⏝࠸ࡓ࢖ࣥࣃࣝࢫྲྀᚓ㸬࢖ࣥࣃࣝࢫ
࡜ኚ఩ࡢ㛵ಀ: ܫ ݔ୫ୟ୶Τ = 4.62±0.10 N·s/mm
ᅇᩘ ኚ఩ mm ࢖ࣥࣃࣝࢫ N·s ܫ ݔ୫ୟ୶Τ N·s/mm
1 0.0213 0.0980 4.61
2 0.0188 0.0830 4.43
3 0.0220 0.0986 4.48
4 0.0235 0.110 4.70
5 0.0235 0.111 4.74
6 0.0128 0.0583 4.57
7 0.0108 0.0495 4.60
8 0.0135 0.0635 4.70
9 0.0143 0.0670 4.70
10 0.0140 0.0655 4.69
⾲ 2 ⡆᫆㍑ṇἲࡢࡓࡵࡢ࿘ᮇ ᐃ
ຍ࠼ࡓ㗽 ࿘ᮇ ័ᛶ࣮࣓ࣔࣥࢺ
࢔࣮࣒ࡢࡳ 0.8003±0.0015 s ồࡵࡿᑐ㇟
㗽 1 1.065±0.002 s J1 = 0.04634 kg·m2
㗽 1 ࡜㗽 2 1.286±0.003 s J1 = 0.04634 kg·m
2
J2 = 0.04668 kg·m2
 
ᅗ 3 ࿘ᮇㄗᕪࡢᣑ኱⋡
Additional inertia of momentum, Jadd/J
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ᛶ࣮࣓ࣔࣥࢺࡀ 0 ࡛↓ࡃ࡞ࡿࡀ㸪࿘ᮇࡢ ᐃㄗᕪࡢᣑ኱⋡
ࡣ㏣ຍࡍࡿ㗽ࡢ័ᛶ࣮࣓ࣔࣥࢺࡀ 0 ࡛↓㝈኱࡜࡞ࡿ㸬ࡑࡢ
ࡓࡵᅗ 4 ࡢࡼ࠺࡟㗽ࡢ័ᛶ࣮࣓ࣔࣥࢺࢆᶓ㍈࡟ࡋ࡚ࢫࣛࢫ
ࢺࢫࢱࣥࢻ࢔࣮࣒ࡢ័ᛶ࣮࣓ࣔࣥࢺࢆ⦪㍈࡟ࣉࣟࢵࢺࡋ㸪
ᅇᖐ┤⥺ࡢษ∦࠿ࡽồࡵࡿ㸬ᶓ㍈ࡢ㗽ࡢ័ᛶ࣮࣓ࣔࣥࢺࡣ
࿘ᮇࡢ⟬ฟ࡟⏝࠸ࡓ㗽ࡢ័ᛶ࣮࣓ࣔࣥࢺࡢᖹᆒ࡜ࡋ㸪࢚ࣛ
࣮ࣂ࣮ࡣ㗽ࢆ㏣ຍࡋ࡚ồࡵࡓ័ᛶ࣮࣓ࣔࣥࢺࡢ࢚࣮ࣛࣂ࣮
ࢆᅇᖐ┤⥺ࡢㄗᕪఏ᧛ᘧ࠿ࡽホ౯ࡋࡓ㸬ࡇࡢ⤖ᯝ㸪ᚓࡽࢀ
ࡓࢫࣛࢫࢺࢫࢱࣥࢻࡢ࢔࣮࣒ࡢ័ᛶ࣮࣓ࣔࣥࢺ  ܬ  ࡣ 
0.06257±0.0011 kg·m2࡛࠶ࡾ㸪ຊኚ᥮ჾ఩⨨࡟࠾ࡅࡿ ܫ ݔ୫ୟ୶Τ  
ࡣ 6.160±0.093 N·s/mm࡜࡞ࡿ㸬
௨ୖ㸪ᚓࡽࢀࡓ⤖ᯝࢆẚ㍑ࡍࡿ࡜㸪⡆᫆㍑ṇἲ࡛ồࡵࡓ 
ܫ ݔ୫ୟ୶Τ ࡣຊኚ᥮ჾ࡛ᚓࡽࢀࡓ್ࡼࡾࡶ 3 ๭ᙉ኱ࡁࡃ࡞ࡾ㸪
࢚࣮ࣛࣂ࣮ࡢ⠊ᅖࢆྵࡵ࡚ࡶ୍⮴ࡋ࡞࠸㸬ຊኚ᥮ჾࢆ⏝࠸
ࡓィ ࡛ࡣ㸪ࣁ࣐࣮ࣥࡀຊኚ᥮ჾࡢ᳨ฟ㒊࡟୙᏶඲࡟⾪✺
ࡍࡿሙྜࡀ࠶ࡾ㸪ࡑࡢሙྜ࡟ࡣຊ✚ࡀ㐣ᑠホ౯ࡉࢀࡿࡓࡵ
࡟ ܫ ݔ୫ୟ୶Τ  ࡢ್ࡀᑠࡉࡃ࡞ࡿࡇ࡜ࡶ࠶ࡿ㸬ࡋ࠿ࡋ࡞ࡀࡽ㸪ຊ
ኚ᥮ჾࡢ ᐃ⤖ᯝࢆ⥺ᙧ㏆ఝࡋࡓ㝿ࡢ R2್ࡣ 0.9920࡛ࡤࡽ
ࡘࡁࡣぢࡽࢀ࡞࠿ࡗࡓ㸬ࡲࡓ㸪⡆᫆㍑ṇἲ࡛ࡣࢫࣛࢫࢺࢫ
ࢱࣥࢻࢆ๛య࡜௬ᐃࡋ࡚࠸ࡿࡀ㸪࢖ࣥࣃࢡࢺࣁ࣐࣮ࣥࡢຊ
✚ࡀ࢔࣮࣒ࡢ๛యᅇ㌿௨እࡢᡂศ࡟ኚ᥮ࡋࡓྍ⬟ᛶࡶ࠶ࡾ㸪
ᐃ㔞ⓗ࡞ゎᯒࢆ㐍ࡵࡓ࠸㸬 
࡞࠾㸪⡆᫆㍑ṇἲ࡛ࡣ㸪㏣ຍࡍࡿ㗽ࡢ័ᛶ࣮࣓ࣔࣥࢺࢆ
஦๓࡟ṇ☜࡟ồࡵ࡚࠸ࡿࡇ࡜ࡀ๓ᥦ࡟࡞ࡿࡀ㸪㗽ࢆຍ࠼࡚
࿘ᮇࢆ ࡿࡔࡅࡢ᪉ἲ࡛࠶ࡾ㸪࣑ࢫࡀධࡾ࡟ࡃ࠸㸬࿘ᮇ࡟
ࡘ࠸࡚ࡣ㸪㏿ࡉࡀ᭱኱࡜࡞ࡿ᣺ືࡢ୰ᚰࢆ㏻㐣ࡍࡿ᫬้ࢆ
 ᐃࡍࡿࡇ࡜࡛ ᐃㄗᕪࢆῶࡽࡍࡇ࡜ࡀ࡛ࡁࡿ㸬 
 ᐃ⢭ᗘࡢᕪ㸪㍑ṇࡢࡸࡾ᫆ࡉ
ຊኚ᥮ჾࢆ⏝࠸ࡓィ ࡟࠾࠸࡚ࡣ㸪ຊኚ᥮ჾࡑࡢࡶࡢࡢ
⢭ᗘࢆ㝖࠸ࡓ ܫ ݔ୫ୟ୶ Τ ࡢ ᐃㄗᕪࡣ 2% ⛬ᗘ࡛࠶ࡗࡓ㸬ຊኚ
᥮ჾࡢㄗᕪࡶຍ࠼ࡿ࡜ ᐃㄗᕪࡣ 17% ⛬ᗘ࡜࡞ࡿ㸬ࡋࡓࡀ
ࡗ࡚㸪ຊኚ᥮ჾࢆ⏝࠸ࡓ㝿࡟ ᐃ⢭ᗘࢆỴࡵࡿࡢࡣຊኚ᥮
ჾࡢ⢭ᗘ࡛࠶ࡾ㸪 ᐃ⢭ᗘྥୖࡢไ⣙࡜࡞ࡿ㸬
୍᪉㸪ࢫࣛࢫࢺࢫࢱࣥࢻ࡜ྠ⛬ᗘࡢ㏣ຍ័ᛶ࣮࣓ࣔࣥࢺ
ࢆ⏝࠸ࡿࡇ࡜࡜࡞ࡗࡓ௒ᅇࡢ⡆᫆㍑ṇἲ࡛ࡣ ᐃㄗᕪࡣ 1㸬
5% ⛬ᗘ࡛࠶ࡗࡓ㸬⡆᫆㍑ṇἲ࡛ࡣ㸪㏣ຍࡍࡿ㗽ࡢ័ᛶ࣮ࣔ
࣓ࣥࢺࡢ኱ࡁࡉ࡟ࡼࡾ㸪ᅗ 3 ࡟♧ࡉࢀࡿࡼ࠺࡟࿘ᮇࡢ ᐃ
ㄗᕪࡢᣑ኱⋡࡟㐪࠸ࡀ࠶ࡿࡓࡵ㸪ㄗᕪᣑ኱⋡ࡀᑠࡉࡃ࡞ࡿ
ࡼ࠺࡞㏣ຍ័ᛶ࣮࣓ࣔࣥࢺࡢ್ࢆ㑅ࡪᚲせࡀ࠶ࡿ㸬ࡲࡓ㸪
㗽ࡢ㏣ຍ࡟ࡼࡾࡤࡡᐃᩘ➼࡟ᑡ࡞࠿ࡽࡎᙳ㡪ࢆ୚࠼ࡿࡇ࡜
ࡣྰࡵࡎ㸪ᐇ㝿㸪㗽ࢆ㏣ຍࡋ࡚ồࡵࡓࢫࣛࢫࢺࢫࢱࣥࢻ࢔
࣮࣒ࡢ័ᛶ࣮࣓ࣔࣥࢺࡣ㏣ຍࡋࡓ㗽ࡢ័ᛶ࣮࣓ࣔࣥࢺࡀ኱
ࡁ࠸ࡶࡢ࡯࡝ᑠࡉࡃ࡞ࡗࡓ㸦ᅗ 4 ཧ↷㸧㸬ࡋ࠿ࡋ࡞ࡀࡽ㸪
ࡇࡢࡤࡽࡘࡁࢆྵࡵ࡚ࡶ ܫ ݔ୫ୟ୶Τ ࡢㄗᕪࡣ 1.5%⛬ᗘ࡛࠶ࡿࡓ
ࡵ࡟⡆᫆㍑ṇἲࡣ᭷⏝࡛࠶ࢁ࠺㸬ࡲࡓ㸪ィ ࡟࠿࠿ࡿ᫬㛫
ࡣ㸪⡆᫆㍑ṇἲ࡛ࡣ࿘ᮇࡢ ᐃࢆ㏣ຍ㗽ࡢ᭷ࡿ↓ࡋࡢ 2 ࡘ
࡟ᑐࡋ࡚ ᐃࡍࡿࡢࡳ࡛࠶ࡿࡢ࡟ᑐࡋ࡚㸪ຊኚ᥮ჾࢆ⏝࠸
ࡓᡭἲ࡛ࡣࣁ࣐࣮ࣥ࡟ࡼࡿ ᐃᅇᩘศࡔࡅࢹ࣮ࢱࢆྲྀᚓࡍ
ࡿᚲせࡀ࠶ࡾ㸪ຍ࠼࡚࢖ࣥࣃࣝࢫࢆᚓࡿࡓࡵࡢ✚ศィ⟬స
ᴗࡀⓎ⏕ࡍࡿ࡞࡝㸪⡆᫆㍑ṇἲ࡜ẚ࡭࡚᫬㛫ࡀ࠿࠿ࡗࡓ㸬 
 
 ࡲ࡜ࡵ
 ࢫࣛࢫࢺࢫࢱࣥࢻࢆ⏝࠸ࡓ࢖ࣥࣃࣝࢫィ ࡢ㍑ṇἲ࡜ࡋ
࡚㸪័ᛶ࣮࣓ࣔࣥࢺࡀ᪤▱࡞㗽ࢆຍῶࡋ࡚ࢫࣛࢫࢺࢫࢱࣥ
ࢻࡢ࢔࣮࣒ࡢ᣺ື࿘ᮇࢆồࡵ㸪࿘ᮇࡢẚ࠿ࡽ࢔࣮࣒ࡢ័ᛶ
࣮࣓ࣔࣥࢺࢆồࡵࡿ⡆᫆ⓗᡭἲࢆᥦ᱌ࡋࡓ㸬ࡲࡓ㸪ㄗᕪఏ
᧛ゎᯒ࠿ࡽ㸪㏣ຍࡍࡿ㗽ࡢ័ᛶ࣮࣓ࣔࣥࢺࡢタᐃ᪉㔪࡟ࡘ
࠸࡚ࡶᣦ㔪ࢆᚓࡓ㸬ࡇࡢ㍑ṇἲࡣ᪤Ꮡࡢຊኚ᥮ჾࢆ⏝࠸ࡓ
ࡶࡢ࡜ẚ㍑ࡋ࡚㍑ṇ࡟࠿࠿ࡿ᫬㛫ࢆ▷⦰࡛ࡁࡿ฼Ⅼࡀ࠶ࡾ㸪
 ᐃ᫬࡟࣑ࢫࡀධࡿవᆅࡀᑡ࡞࠸Ⅼ࡛฼⏝౯್ࡀ㧗࠸㸬⡆
᫆㍑ṇἲ࠿ࡽᚓࡽࢀࡿ᣺ᖜ࡟ᑐࡍࡿ࢖ࣥࣃࣝࢫࡢഴࡁࡣຊ
ኚ᥮ჾࢆ⏝࠸ࡓࡶࡢࡼࡾ 3 ๭⛬ᗘ኱ࡁࡃ㸪࢚࣮ࣛࣂ࣮ࡢ⠊
ᅖ࡛ࡶ୍⮴ࢆࡋ࡞࠿ࡗࡓ㸬௒ᚋ㸪ࡇࡢᕪࢆ⏕ࢇࡔཎᅉࡢゎ
᫂ࢆ⾜࠺࡜࡜ࡶ࡟㸪ࡼࡾヲ⣽࡞⡆᫆㍑ṇἲࡢ㐺⏝᮲௳ࢆ᫂
ࡽ࠿࡟ࡋ࡚࠸ࡁࡓ࠸㸬 
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ᅗ 4 እᤄ࡟ࡼࡿ័ᛶ࣮࣓ࣔࣥࢺࡢ⟬ฟ
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